A ngiotensin-converting enzyme (ACE) is a pivotal component of the renin-angiotensin system (RAS), mediating numerous systemic and local effects in the cardiovascular system. ACE is produced in the endothelium of somatic tissues as a transmembrane protein containing two active domains, both of which are inhibited by ACE inhibitors. 1 Analysis of the genomic sequence suggests that the two active domains appear to have come from a common ancestor. 2 ACE is also produced in the testis via an alternate promoter, generating a shorter testis-specific form with only one active site. 2 Both the somatic endothelial ACE and the testicular form can be cleaved to generate soluble active enzymes. ACE removes the carboxy terminal dipeptide from the decapeptide angiotensin I (Ang I) to generate angiotensin II (Ang II), a potent vasoconstrictor, and degrades bradykinin, a vasodilator. Thus, ACE activity serves to increase systemic vascular tone, and pharmacological ACE inhibition is effective in the treatment of hypertension.
In addition to the systemic RAS, a local RAS is known to operate within certain tissues (for review, see Reference 3) . Cardiac myocytes express Ang II receptors and undergo hypertrophy in response to Ang II in vitro. Ang II also induces cardiac fibroblast proliferation and collagen production. In vivo, ACE inhibition reverses cardiac myocyte hypertrophy and fibrosis associated with ventricular remodeling and heart failure, presumably by reducing local generation of Ang II. The tissue RAS has additional complexity, however. At least one other enzyme, a heart chymase that is secreted by mast cells, is capable of converting Ang I to Ang II. 4 Furthermore, several other Ang I cleavage products have been found, for example, Ang1-9, Ang1-7, Ang III, [2] [3] [4] [5] [6] [7] [8] and Ang IV. [3] [4] [5] [6] [7] [8] Although Ang1-7 has been shown to have physiological effects such as diuresis and vasodilation (for review, see Reference 5) , in general the activities of these and other angiotensin peptides are not well understood.
In the present study, we report the first human homologue of ACE, identified in an ongoing search for novel genes related to heart failure. ACE-related carboxypeptidase (ACE2), like ACE, is a membrane-associated and secreted enzyme expressed predominantly on endothelium, but unlike ACE, it is highly restricted in humans to heart, kidney, and testis. ACE2 catalyzes the cleavage of Ang I to Ang1-9 and may have a unique role in the local RAS in heart and kidney.
Materials and Methods
cDNA Library Construction, Sequencing, Extension, and Phylogenetic Analysis A human cardiac left ventricle cDNA library was prepared from the explant of a heart transplant recipient, a 43-year-old white woman with idiopathic dilated cardiomyopathy (sample obtained from G. Sandusky and N. Bowling, Eli Lilly & Co, Indianapolis, Ind), using standard directional cloning techniques. Nineteen thousand clones were selected at random for high throughput 5Ј end automated sequencing. Homology searching was done using TBLASTN and Hidden Markov models from PFAM (see www. Comparison of ACE2 and ACE protein sequences. The amino acid sequences of human ACE2, rat-secreted ACE2 (RatsACE2), human testicular ACE (human T-ACE), murine testicular ACE (murine T-ACE), rabbit testicular ACE (rabbit T-ACE), and Drosophila melanogaster ACE are aligned. Residues that do not match the consensus are shaded.
sanger.ac.uk/Software/Pfam/). Rapid amplification of cDNA ends (RACE) was done using the Marathon cDNA amplification kit (Clontech), the 5Ј primer 5Ј-GSP-ACE2 (CAC AGG TTC CAC CAC CCC AAC TAT CTC), and heart mRNA from which the original cDNA library was generated. The sequence can be found at GenBank No. AF291820. A similar sequence was submitted to GenBank (No. AF241254) by independent investigators shortly before submission of this manuscript. For sequence alignment and phylogenetic tree analysis, the CLUSTAL V method was used to group sequences into clusters by examining the distances between all pairs. 6 
Expression Vector Construction
Full-length human ACE2 expression vector (pACE2) was generated by ligating the 1.4-kb EcoRI/AflIII fragment of a 5Ј cDNA extension clone (nucleotides 1 to 1381, see GenBank No. AF291820) and the 1.9-kb AflIII/NotI fragment of the original library clone (nucleotides 1381 to 3325, see GenBank No. AF291820) into the EcoRI/NotI sites of pcDNA3.1 (Invitrogen). An expression vector for secreted human ACE2 (psACE2) was generated by replacing the 3Ј end of full-length human ACE2 with a polymerase chain reaction fragment containing a stop codon inserted after the serine immediately preceding the predicted transmembrane domain (amino acid 740).
Northern Blot Analysis
A 636-bp probe of the 3Ј untranslated region of human ACE2 cDNA containing no homology to ACE (MscI/KpnI fragment, nucleotides 2583 to 3219, GenBank No. AF291820) was labeled with 32 P using the Multiprime labeling system (Amersham) and hybridized to human multiple tissue Northern blots (Clontech) overnight at 65°C in Nylon Wash (128 mmol/L Na 2 HPO 4 ⅐ 7H 2 O, 14 mmol/L EDTA, 0.2% Triton X-100, 14% SDS, pH 7.2). The blots were then washed three times for 30 minutes each at 65°C in 0.5ϫ Nylon Wash.
(Independent experiments on different Northern blots yielded identical results.) A BstXI fragment of testicular ACE comprising base pairs 578 to 1736 (100% homologous to endothelial ACE) was hybridized to the identical blots above after stripping ACE2 signal by washing with boiling 0.5% SDS. Testicular ACE cDNA was the generous gift of the James Riordan Laboratory, Harvard Medical School, Boston, Mass.
Cell Culture and Transfections
Chinese hamster ovary (CHO) K1 cells were maintained in serumfree Ultra CHO medium (Biowhittaker) at 37°C in a humidified 5% CO 2 incubator. For transfections, cells were seeded at 1ϫ10 6 cells/100-mm dish on day 0 and transfected with Lipofectamine (Gibco BRL) on day 1 as per the manufacturer's instructions. Briefly, 10 g of DNA was combined with 40 L of Lipofectamine in Opti-MEM medium (Gibco BRL) and the mixture was incubated on the cells for 5 to 6 hours. Ultra CHO medium was then added to the cells and they were incubated overnight at 37°C. On day 2, the medium was changed and on day 4 the conditioned media were collected. For some experiments, the conditioned media were concentrated in Centriplus 30 concentrators (Amicon) in 10 mmol/L Tris-Cl, pH 7.0. After the conditioned media were harvested from cells, the cells were washed twice with PBS, and 2 mL of lysis buffer was added (50 mmol/L Tris-Cl, pH 7.5, 150 mmol/L NaCl, 0.02% NaN 3 , and 1% NP-40 with Complete protease inhibitors [Boehringer Mannheim]). The cells were then incubated for 20 minutes on ice. The cells were scraped, transferred to microfuge tubes, and the nuclei were pelleted 10 minutes in a microfuge. The remaining cell lysate was used immediately or frozen at Ϫ20°C. Primary rat neonatal ventricular cardiomyocytes were prepared using 1-to 3-day-old neonates according to published methods. 7 The cells were plated in modified Eagle's medium containing 5% FCS, 1% penicillin/streptomycin, and 0.1 mmol/L bromodeoxyuridine for 24 hours and then switched to serum-free medium supplemented with insulin-transferrin-sodium selenite (Sigma) for an additional 24 hours. Synthetic sarcosyl-blocked peptides (Ang1-9, Ang1-8, Ang1-7, and Ang1-5), which are resistant to N-terminal degradation by aminopeptidases, were then added individually at concentrations of 1 to 10 mol/L for periods of up to 48 hours. Aliquots of conditioned media were collected at different time points for analysis by mass spectrometry.
Antibodies, Immunohistochemistry, and Immunoblot Analysis
Two rabbit polyclonal anti-ACE2 antibodies (anti-ACE2 51 and anti-ACE2 489 ) were raised against synthetic peptides representing human ACE2 residues 51 to 69 (NTNITEENVQNMNNAGDKW) and residues 489 to 508 (EPVPHDETYCDPASLFHVSN) (Research Genetics). These were affinity-purified on peptide columns and concentrated according to standard methods. For immunohistochemistry, frozen sections of human heart and kidney were cut at 6 m thickness, mounted on charged slides, fixed in cold acetone (Sigma), and immersed in 0.3% H 2 O 2 in methanol for 10 minutes to block endogenous peroxidase. A 1:2000 dilution of anti-ACE2 51 was applied in 5% BSA/PBS for 30 minutes at room temperature. Slides were then incubated with an alkaline phosphatase-labeled polymer (DAKO) for 30 minutes at room temperature. After multiple PBS washes, Fast Red substrate-chromogen solution was applied for 10 minutes and the slides were then counterstained with hematoxylin. To determine the specificity of the antibody, peptide competition was performed on serial sections. ACE2 peptide 51 to 69 or a nonspecific peptide (not shown) was incubated for 2 hours at room temperature at a 1:10 ratio (by weight) with anti-ACE2
51
. The solution was then applied at the step of the primary antibody addition above. For Western blot analysis, conditioned medium from transfected cells was loaded onto 10% to 20% precast SDS-polyacrylamide gels (Bio-Rad), followed by separation at 100 V for 2 hours and transferred to Hybond P using a semidry transfer system (Amersham). The blots were incubated in blocking buffer (5% nonfat milk, 0.1% Tween-20, in PBS) for 1 hour at room temperature or overnight at 4°C. The blot was then incubated with anti-ACE2 489 at a 1:5000 dilution for 30 minutes in PBS with 0.1% Tween-20, then washed 1 time for 15 minutes and three times for 5 minutes in PBS containing 0.1% Tween-20. The blot was then incubated with donkey anti-rabbit HRP (Amersham) in PBS with 0.1% Tween-20 for 30 minutes, followed by washing as above. Signal was detected using the ECL Plus kit (Amersham). Antibody specificity was tested against ACE2 and testicular ACE produced by transfected CHO cells in an immunoblot analysis. None of the antibodies cross-reacted with ACE.
Purification of Recombinant ACE2 Enzyme
Conditioned media from CHO cells transfected with soluble human ACE2 (see above) were concentrated 10-fold in an Amicon 10K molecular weight cutoff stirred cell apparatus (Amicon), then desalted by injection on a Pharmacia PC 3.2-mm/100-mm 800-L-bed volume Fast Desalting column (Pharmacia) in bis-Tris buffer (25 mmol/L bis-Tris-propane, 25 mmol/L Tris HCl, pH 6.5). The resulting protein mixture was injected onto a Pharmacia PC 1.6-mm/ 50-mm 100-L-bed volume MonoQ anion exchange column in bis-Tris buffer. The column was washed with bis-Tris buffer and then eluted with a 0 to 250 mmol/L NaCl gradient over 20 column volumes. The ACE2-containing fractions, as determined by Western blot, were pooled. (NH 4 ) 2 SO 4 was added to a 1 mol/L final concentration. This mixture was injected onto a Pharmacia PC 1.6-mm/ 50-mm 100-L-bed volume Phenyl Superose HIC column in 1 mol/L (NH 4 ) 2 SO 4 and 100 mmol/L NaPi, pH 7.0. The column was washed with (NH 4 ) 2 SO 4 /NaPi, pH 7.0, loading buffer and eluted with a 1 to 0.5 mol/L (NH 4 ) 2 SO 4 reverse gradient in 100 mmol/L NaPi, pH 7.0, over 10 column volumes. ACE2-containing fractions, as determined by Coomassie staining of a reduced SDS-PAGE gel, were pooled and desalted by injection on a Pharmacia PC 3.2-mm/ 100-mm 800-L-bed volume Fast Desalting column in 100 mmol/L NaPi, pH 7.0. ACE2-containing fractions, as resolved by reduced SDS-PAGE, were used for assays. Conditioned medium from empty vector-transfected cells was purified as above to produce the appropriate negative control.
Analysis of ACE and ACE2 Activity by Mass Spectrometry
Enzymatic reactions were performed in 15 L. To each tube at room temperature was added 10 L of buffer (10 mmol/L Tris, pH 7.0) with or without enzyme. Five microliters of purified Ang I (DRVYI-HPFHL) (Sigma) or other peptide substrates were added to each tube for a final concentration of 5 mol/L. Lisinopril or captopril (Sigma) was added to some reactions at final concentrations of 6.6 mol/L. For reactions and control experiments, the tubes were incubated at 37°C for 30 minutes. A portion (1 L) of each reaction was quenched by the addition of 1 L of a low-pH MALDI matrix compound (10 g/L ␣-cyano-4 hydroxycinnamic acid in a 1:1 mixture of acetonitrile and water). One microliter of the resulting solution was applied to the surface of a MALDI plate. The plate was then air-dried and inserted into the sample introduction port of the Voyager Elite biospectrometry MALDI time-of-flight (TOF) mass spectrometer (PerSeptive Biosystems). The resulting signal was digitized at a frequency of 1 GHz and accumulated for 64 scans. Purified conditioned medium from empty vector transfections was used to control individual experiments for variability in extent of substrate conversion to product. For tandem mass spectrometry sequencing, a hybrid quadrupole time-of-flight mass spectrometer (Q-TOF MS) (Micromass UK Limited) equipped with an orthogonal electrospray source (Z-spray) was used. The quadrupole was set up to pass precursor ions of selected m/z to the hexapole collision cell (Q2), and product ion spectra were acquired with the TOF analyzer. Argon was introduced into the Q2 with a collision energy of 35 eV and cone energy of 25 V.
Results

Identification of ACE2
A novel human cDNA homologous to ACE was identified among 19 000 5Ј end sequences obtained from a heart failure ventricle cDNA library.
Comparison with ACE proteins indicated that ACE2 contains a single catalytic domain (amino acids 147 to 555) that is 42% identical to each of the two catalytic domains in endothelial ACE. 1, 9 Human ACE2 is 33% identical overall to human testicular ACE, the alternatively spliced product of the ACE gene that also contains a single catalytic site, although there is considerable divergence in C-terminal regions (Figure 1) . Phylogenetic analysis indicated that the mammalian ACE family members are more similar to each other than they are to Drosophila ACE (Figure 2) .
Comparison of the human ACE2 cDNA with previously unannotated human genomic sequences (GenBank No. AC003669, BAC GS-594A7) revealed an ACE2 gene comprising 19 exons (not shown). Relative conservation of exon/intron organization between the ACE2 and ACE catalytic domains 2 further suggests that these two genes arose by duplication of a common ancestor (Table 1) .
ACE2 Tissue Distribution
Northern blot analysis revealed a Ϸ3.4-kb ACE2 transcript expressed only in heart, kidney, and testis of 23 human tissues 144 (5) 144 (4) 144 (17) 113 (6) plus 106 (7) 192 (5) 192 (18) 98 (8) 98 (6) 100 (19) 170 (9) 173 (7) 171 (20) 227 (10) 224 (8) 224 (21) 145 (11) 145 (9) 145 (22) 99 (12) 99 (10) 99 (23) 123 (13) 123 (11) 122 (24)
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examined; a minor Ϸ8-kb band was also detected in kidney ( Figure 3A) . In contrast, a doublet of endothelial ACE mRNA was detected in 16 of 23 tissues examined, and the much shorter testicular isoform was also detected in testis ( Figure 3B ). Immunohistochemical analysis of the ventricular myocardium identified ACE2 localized to the endothelium of most intramyocardial vessels including capillaries, venules, and medium-sized coronary arteries and arterioles. Immunostaining was apparent, but to a lesser extent, in vascular smooth muscle cells and focally in the adventitia of some larger vessels ( Figures 4A through 4F ). There was no observable difference in the distribution or intensity of protein expression in sections from failing and nonfailing heart samples. In the kidney, ACE2 protein was again present throughout the endothelium and focally in rare smooth muscle cells of medium-sized vessels. It was also identified in proximal tubule epithelial cells ( Figures 4G and 4H ).
Expression of Recombinant ACE2
ACE is made as a transmembrane protein, some of which is cleaved posttranslationally to generate a secreted form in vivo and in cell culture. 10 -12 To determine whether ACE2 is processed in a similar fashion, CHO cells were transiently transfected with expression plasmids containing either ACE2 cDNA (pACE2) or no insert (pcDNA3.1). Conditioned medium and whole-cell lysates were compared in Western analyses using polyclonal antiserum raised to an ACE2 peptide (amino acids 489 to 508; see Materials and Methods) present in both full-length and putative cleaved secreted forms ( Figure 5 ). An approximately 90-kDa immunoreactive band was present in the whole-cell lysate, and a slightly smaller band was detected in the conditioned medium of ACE2-transfected cells indicating that full-length ACE2 is processed in CHO cells to generate a secreted form.
ACE2 Catalytic Activity
We tested a variety of vasoactive and hormonal peptides as candidate substrates using conditioned media from transfected CHO cells as a source of secreted recombinant ACE2. We compared ACE2 activity with that of ACE. The enzymes were incubated with synthetically prepared peptides in vitro, and reaction products were analyzed by mass spectrometry. ACE converted the decapeptide Ang I (Ang1-10; m/z Figure 6 ). ACE2, in contrast, converted Ang I to a new species of m/z 1183.60, which when sequenced by tandem mass spectrometry proved to be the nonapeptide Ang1-9 (data not shown). Thus, ACE2, apparently a carboxypeptidase, quantitatively cleaved the C-terminal Leu from this substrate. No further cleavage of Ang1-9 by ACE2 was evident on prolonged incubation (not shown). In similar experiments, ACE2 removed the C-terminal residue from three other vasoactive peptides, neurotensin, kinetensin, and des-Arg bradykinin (Table 2) . However, it failed to cleave bradykinin and 15 other unrelated vasoactive and hormonal peptides, indicating considerable specificity.
We tested the effects of ACE inhibitors on ACE2 activity in vitro. Conversion of Ang I to Ang1-9 by ACE2 was not inhibited by lisinopril under conditions that completely inhibited the generation of Ang II by ACE (Figure 7) . Identical results were obtained using another ACE inhibitor, captopril (not shown). Thus, despite their homologous catalytic domains, ACE2 and ACE are biochemically and pharmacologically distinct.
Metabolism of Ang1-9
Ang1-9 is found in vivo and accumulates in animals treated with ACE inhibitors. 13, 14 On the basis of the present studies, Ang1-9 may be generated in heart and kidney by endothelium-associated ACE2. To explore possible fates for this peptide, we tested its conversion in vitro and in serum-free cell culture. Incubation of Ang1-9 with ACE in vitro generated Ang1-7 (m/z 899.47) and Ang1-5 (m/z 665.36), apparently by sequential cleavage of C-terminal dipeptides (Figure 8 ). Conversion to Ang II (Ang1-8) was not detected. Incubation of Ang1-9 with primary rat neonatal cardiac myocytes, which produce ACE, 15 also yielded Ang1-7 and Ang1-5, as well as Ang1-4 (m/z 508.28) (Figure 9 ). Addition of lisinopril blocked only the generation of Ang1-5, indicating that in these cultures generation of Ang1-5 requires ACE, whereas generation of Ang1-7 and Ang1-4 do not. Other cardiomyocyte peptidases that might cleave Ang1-9 are unknown at present.
Discussion
The present study identifies ACE2 as the first known human homologue of ACE, an enzyme that plays a central role in vascular, renal, and myocardial physiology. The ACE2 and ACE catalytic domains are 42% identical in amino acid sequence, and conservation of exon/intron organization further indicates that the two genes evolved from a common ancestor. Also like ACE, ACE2 is expressed in endothelium and can be secreted in vitro through proteolytic cleavage of a putative membrane-bound form. In contrast to ACE, however, ACE2 is highly tissue-specific: whereas ACE is expressed ubiquitously in the vasculature, human ACE2 is restricted to heart, kidney, and testis. In addition to endothelial expression, ACE2 is present in smooth muscle in some coronary vessels and focally in tubular epithelium of the kidney. Thus, ACE2 is particularly well poised to participate in both cardiac and renal physiology.
Both ACE and ACE2 cleave Ang I, but their activities are distinct. Whereas ACE is a dipeptidase, ACE2 removes the single C-terminal Leu residue to generate Ang1-9. Ang1-9 has been identified in vivo in rat and human plasma, but its function is unknown. 13, 14 Some studies have suggested that it may be an endogenous inhibitor of ACE. 16 Our findings indicate that Ang1-9 is a competitive inhibitor of ACE because it is itself an ACE substrate. Under conditions in which ACE is inhibited, such as after long-term administration of ACE inhibitors in rats, Ang1-9 levels have been shown to be increased in plasma and kidney. 13, 14 This increase in Ang1-9 steady-state levels could be due to decreased catabolism of Ang1-9 by ACE. Conversely, the increased levels of Ang1-9 could be due to increased production by ACE2 as a result of increased availability of Ang I substrate. Together these results indicate that alternate pathways of Ang I metabolism exist and that these pathways may be amplified in the presence of ACE inhibitors.
Other investigators have found that Ang II can be generated in human renal extracts in a two-step process with Ang1-9 as an intermediate. 14, 17 The enzymes responsible for this activity have not been definitively determined, but cathepsin A has been proposed. 18 ACE2 is most highly expressed in kidney and may be responsible for some or all of the Ang1-9 generated from Ang I in these studies. ACE2 does not convert Ang1-9 further to Ang II, at least under our in vitro conditions. Thus, ACE2 would not directly be responsible for Ang II generation in the presence of ACE inhibitors.
Other angiotensin peptides generated by the combined activities of ACE2 and other peptidases, including ACE, may play key signaling roles in heart and kidney. Although the functions of Ang1-5 and Ang1-9 are unknown, Ang1-7 is known to function as a vasodilator (for review, see Reference 3). Thus, ACE2 could function to increase local vasodilation through its ability to produce a precursor to Ang1-7. In addition, ACE2 could also alter vasomotor tone by decreasing the availability of Ang I, a well-established substrate for ACE and precursor of the vasoconstrictor Ang II (Figure 10 ). Thus, ACE2 activity in the heart could induce local vasodilation, thereby maintaining myocardial perfusion under conditions of generalized systemic vasoconstriction such as acute blood loss. Local ACE2 activity in the endothelium and tubular epithelium of the kidney may modulate renal blood flow distribution and salt and water handling and thereby regulate blood pressure. It remains to be determined whether Ang I is indeed a physiological substrate for ACE2 in vivo and whether other substrates for ACE2 exist. Our in vitro studies demonstrate that, in addition to Ang I, ACE2 is capable of cleaving at least three other vasoactive peptides, des-Arg bradykinin, neurotensin, and kinetensin. Des-Arg bradykinin is involved locally in vessel dilation through binding to the B 1 receptor that is expressed under conditions of tissue damage or inflammation. 19 This is consistent with a role for ACE2 in local regulation of vasomotor tone, through both Ang I and des-Arg bradykinin cleavage. In contrast, ACE cleaves the vasodilator bradykinin, which acts systemically through the B 2 receptor. Neurotensin has diverse effects in the cardiovascular, nervous, and digestive systems (for review, see Reference 20) , whereas kinetensin, a related peptide derived in vitro, stimulates mast cell degranulation and vascular permeability. 21 Degradation of these peptides by ACE2 may serve to modulate these activities.
The elucidation of ACE2 adds a potential new dimension to the complexity of the RAS. Enzymes other than ACE, eg, heart chymase, convert Ang I to Ang II (for review, see References 2 and 22), and Ang II can act through at least three distinct receptors (for review, see References 23 and 24) . In addition, multiple other angiotensin-related peptides including Ang1-9 and Ang1-7 are present and may have unique effects. Targeting of the cardiac RAS at several of these points is a mainstay of drug treatment for hypertension and heart failure. ACE2, expressed specifically in heart and kidney and capable of cleaving Ang I and other key vasoactive peptides, provides additional possibilities for the development of novel therapeutics. Figure 10 . Schematic of Ang I and bradykinin peptide processing by ACE and ACE2. A, Proposed pathways of Ang I cleavage to products via ACE and ACE2. B, Proposed pathways of bradykinin and des-Arg bradykinin degradation to products by ACE and ACE2.
